Tumor necrosis factor-a (TNF-a) is released from mast cells via an immunoglobulin E (IgE)-dependent mechanism. The variant G4A at -308 of TNFA is part of an extended haplotype HLA-A1-B8-DR3-DQ2 and influences the gene expression. We evaluated this variant in relation to IgEmediated reactions to betalactams, in 427 subjects, including 167 cases and 260 age-and gender-paired controls. TNFA GG genotype was a significant independent predictor of the primary risk of betalactam allergy, concurrently with total IgE level, with an age-and sex-adjusted odds ratio estimated at 2.45 (95% confidence interval: 1.18-5.08, P ¼ 0.0163). Cases with -308AA genotype had a higher serum level of specific IgE than those with -308GA/ GG genotype, with median levels (relative units) of 4.6 (inter-quartiles: 3.9-10.6) and 2.2 (1.4-4.3), respectively (P ¼ 0.0046). In conclusion, our results suggest an ambivalent influence of a genetic determinant of pro-inflammatory pathways on IgE-mediated hypersensitivity to betalactams.
Introduction
Penicillins and cephalosporins are the two major classes of the betalactam family and also the antibiotics most widely used for treating common infections. 1 Immediate reactions to betalactams (that is, occurring within 1 h after drug administration), particularly anaphylactic ones, are the most common adverse reactions to antibiotics mediated by a specific immunologic mechanism. 2, 3 The drug (or a drug metabolite) reacts with immunoglobulin E (IgE) bound to the surface of mast cells and leads to the activation, degranulation and release of vasoactive mediators from mast cells and basophiles. Reactions may be induced by all betalactams currently available, ranging from benzylpenicillin to more recent compounds.
The cause of IgE-mediated reactions to betalactams is unclear and may involve several biological phenomena related to antigen presentation, class switching to IgE by B cells and the release of mediators from mast cells and basophiles. 4 IgE-dependent mast cell activation plays an important role in the development of allergy. The cross-linking of allergen-specific IgE bound to its high-affinity receptor, FceRI, results in a series of molecular events leading to nuclear factor (NF)-kB activation 5, 6 and subsequent cytokine production. Many mast cell-derived cytokines, including tumor necrosis factor-a (TNF-a), are regulated by the transcription factor NF-kB. 7 TNF-a is a versatile cytokine that could be potentially involved in different steps of the pathomechanisms of IgE-mediated reactions to betalactams. TNF-a is released from both mast cells and macrophages via IgE-dependent mechanisms. Its production was first described in macrophages and monocytes 8 and the mast cell granule itself contains preformed TNF-a 9, 10 This cytokine plays a key role in the development and adaptive responses of the immune system, but its influence on IgE production is unknown. 11 It may also influence the severity of the reaction via its effects on epithelial cell barrier permeability, recruitment and activation of macrophages and mast cells. Single-nucleotide polymorphisms (SNPs) in regulatory regions of cytokine genes have been associated with susceptibility to a number of complex disorders. An SNP located at nucleotide À308 with respect to the TNFA transcriptional start site corresponds to a substitution of adenine for guanine. This variant of the promoter region seems to be the one having the strongest phenotypic influence among the different polymorphisms of TNFA promoter and it had been found associated with susceptibility to cerebral malaria, with leishmaniasis, meningococcal infections and asthma. [12] [13] [14] [15] [16] [17] Recently TNFA À308A allele has also been associated with carbamazepine allergy. 18 On the basis of the increasing interest for evaluating the role of TNF-a in allergy, we investigated the TNFA -308G4A polymorphism in relation to IgE-mediated reactions to betalactams in a case-control study. In particular, we evaluated its association with the primary risk, the severity of the reaction, the level of total and specific serum IgE and the skin test positivity.
Results
Our cases of immediate allergic reactions to betalactams were compared to a control population without reported allergic disease. Both groups had close age range and gender distribution. The median age of patients and controls at inclusion were not significantly different ( Table 1 ). The sex ratio was similar in the allergic group and the control group (Table 1) . The patients had a significantly higher concentration of total serum IgE than the controls (Table 1) and none of the controls had either a total IgE serum level higher than 150 UI/ml or the presence of specific IgE.
The genotype distribution of TNFA -308G4A polymorphism was in Hardy-Weinberg equilibrium in controls. The frequencies of the predominant À308G allele of TNFA and the TNFA GG genotype were significantly higher in patients than in controls ( Table 2 ). The TNFA GG genotype was a Table 3 describes the frequencies of categorical clinical and biological characteristics, according to the allele distribution in patients. No difference of age was reported between the cases carrying the allele G or the allele A (44, 27-57 and 46, 28.5-57 years, respectively, P ¼ 0.6242). We did not observe any association of TNFA -308G4A polymorphism with either the serum level of total IgE, skin test positivity to culprit betalactams or severity of the reaction, while we found a significant association with the level of anti-betalactam-specific IgE. Indeed, cases with À308AA genotype had a higher serum level of anti-betalactamspecific IgE than those with -308GA/GG genotypes, with median levels (relative units) of 4.6 (inter-quartiles: 3.9-10.6) and 2.2 (1.4-4.3), respectively (P ¼ 0.0046) (Figure 1 ). Table 2 Number and frequency of alleles and genotypes of TNFA -308G4A polymorphism in 169 patients with IgEmediated allergy to betalactams and 260 controls
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A weak association, at the limit of statistical significance, was also found between TNFA -308G4A and the skin tests positive with minor determinants. Twenty-six and 8.7% of the patients who were carrying the allele G or A had a positive skin test to minor determinants, respectively (P ¼ 0.0633). In multivariate logistic regression, the ageand sex-adjusted odds ratios for the presence of specific IgE and positive skin testing of minor determinant mixture in allele A carriers were estimated, respectively, at 4.25 (95% CI: 1.22-14.80, P ¼ 0.0232) and 0.25 (95% CI: 0.06-1.10, P ¼ 0.0671). In multiple regression analysis, TNFA -308A allele was a significant predictor of the level of specific IgE in serum (Table 4) .
Discussion
We focused our interest on TNFA-308G4A polymorphism because of its known involvement in differential transcriptional activator, elevated plasma TNF-a levels and higher amounts of TNF-a on cell stimulation in vivo and ex vivo. 19, 20 In addition, this polymorphism is in linkage disequilibrium with three other variants of the promoter region of TNFA gene, À1031T4C, À863C4A, À857C4T, while a fourth variant, À238G4A, seems to have no phenotypic influence. 16 Despite the relative frequency of immediate allergic reactions to betalactams, one limit in evaluating their correlation with genetic risk factors is the difficulty of recruiting large and well-documented series. The present series had a size compatible with the objective of our study, considering the allele frequency of the TNFA -308G4A polymorphism reported in Caucasian populations from Western Europe and Australia. 15, 21, 22 The allele frequency of TNFA -308G4A polymorphism observed in our control population was close to that previously reported in a large cohort of subjects from two Italian areas. 21 We observed a higher concentration of total serum IgE in patients than in controls, suggesting the involvement of a mechanism related to IgE class switching. Our results showed that TNFA GG carriers had a twofold increased risk of b-lactam allergy, compared to TNFA GA and AA carriers, and that this association was not related to an influence of this polymorphism on the production of total IgE. In agreement with our results, some authors have reported previously an association between TNFA GG carriers and asthma but no association with IgE level. 16, 22 Other studies have shown an association between the carriage of TNFA -308A allele and infectious diseases, asthma, [12] [13] [14] [15] [16] [17] [23] [24] [25] contact dermatitis 26 and hypersensitivity against carbamazepine, 18 while two groups found no significant association with toluene diisocyanate-induced asthma and atopic asthma, respectively. 27, 28 The association between TNFA À308GG genotype and b-lactam allergy could be due to a mechanism related to antigen presentation. 29 Indeed, the TNF receptors modulate HLA antigen expression 11 and the TNFA gene lies in the class III region of the major histocompatibility complex (MHC), 250 kilobases centromeric of the HLA-B locus and 850 kilobases telomeric of HLA-DR. The variant at À308 of TNFA is part of an extended MHC haplotype HLA-A1-B8-DR3-DQ2. 30 Our result therefore strengthens the hypothesis that the presentation of penicillin-hapten determinants to lymphocyte involves the MHC in immediate type allergy to b-lactams. Indeed, in a former work, we found a higher prevalence of HLA A2 and DRw52 and a lower frequency of DR4 in patients with hypersensitivity to aminopenicillins. 31 The association between TNFA À308GG genotype and b-lactam allergy could be also due to a molecular mechanism related to the trans-regulation of TNFA expression. 29 However, the functional importance of this polymorphism seems to vary among cells. No difference between TNFA allele A and TNFA allele G promoter activities was found in B-cell line. 32 In contrast, TNFA allele A promoter had a 2-to 3-fold greater transcriptional activity than allele G promoter Stepwise multivariate logistic regression was performed using a model that included the clinical and biological characteristics as initial variables and retained those with a P-value lower than 0.15 in the residual step.
in stimulated U937 monocytes and Jurkat T cells. Although it is known that TNF-a is released in allergic responses from both mast cells and macrophages via an IgE-dependent mechanism, the relationship of TNFA polymorphisms and total serum IgE has not been studied thoroughly. We found a significant association between the carriage of TNFA -308A allele and the positivity of specific serum IgE radioimmunoassay (RIA), but not with total serum IgE level nor with positivity of skin testing. In agreement with our data, a lack of association between this variant and total IgE has been reported previously in asthmatic patients. 16 The authors reported an opposite effect of TNFA variant on onset and progress of asthma, that is a protective effect on the risk of asthma development and detrimental effect on progress of asthma. 16 Similarly, we observed an ambivalent influence of TNFA -308G4A with the risk of betalactam allergy and the production of specific IgE that may be related to CMH antigen presentation and to the trans-regulation of TNFA, respectively (Tables 3 and 4 ). The association between TNFA -308A allele and specific serum IgE may be related to the enhancing effect of this variant on TNF-a production by antigen-stimulated mast cells. This enhanced production could have an influence on the Th1/Th2 differentiation and/or proliferation of sensitized B cells. However, experimental data are lacking to document such a hypothesis. Recently, we have shown that IL13 and IL4RA variants are interacting predictors of immediate allergic reactions to betalactams through a mechanism related to IgE switching. 33 The IL4RA variants may intensify the downstream signaling, because of their position close to a signal transducer and activator of transcription (STAT)6-recruiting domain. 34 Recently, a regulatory cofactor, called STAT6B because of its considerable homology to STAT6, was found to interact with lipopolysaccharide (LPS)-induced TNF-a, the two proteins consequently forming a complex that subsequently translocates into the nucleus and upregulates the transcription of cytokines, including TNF-a. 35 The TNFA -308G4A could also account for an additional risk of IgE-mediated allergy to betalactams, through this new trans-regulation pathway of TNFA that depends on LPS stimulation. An apparently paradoxical result was the association of the À308G4A polymorphism with the presence of specific IgE but not with skin tests (with the exception of the minor determinant). In fact, the positive skin testing is not only related to the production of specific IgE, but also to mast cell and basophile reactivity. 4 The patients who had positive skin test to minor determinants were at increased risk of cross-reacting reactions between penicillins and cephalosporins. 36 It was therefore possible that the TFNA polymorphism influences the risk of crossreactivity. However, in our study, the number of cases with skin tests positive to minor determinant was too small to validate this hypothesis (Table 1) .
In conclusion, TNFA -308G4A polymorphism is associated with the risk of immediate allergic reaction against betalactams. Our results showed an ambivalent influence of TNFA -308G4A, the most frequent allele being associated with the primary risk and the less frequent allele with the production of specific IgE. The mechanisms that underlie this ambivalent influence could be related to CMH antigen presentation and to the trans-regulation of TNFA gene, respectively. Experimental studies are therefore needed to investigate the role of TNFA in drug allergy and IgE production.
Materials and methods
Study design and subject enrolment A total of 169 patients were recruited prospectively from a large outpatient population with a history of immediate reactions to at least one betalactam. This population was evaluated between January 1995 and June 2003 in the Allergy Units of CI Columbus (Rome, Italy) and Oasi Maria SS (Troina, Italy). The patients had reacted to penicillins or cephalosporins and presented an IgE-mediated hypersensitivity to these betalactams diagnosed on the basis of positive responses to skin tests and/or serum-specific IgE assays. We have previously described the clinical and biological characteristics of most of the patients of the present series in two recent articles. 36, 37 The protocol was approved by the local ethics committee. All subjects received information about the possible risks of allergologic tests, and a written informed consent was obtained from each patient or parents of those under 18 years of age. The control group consisted of 265 age-and gender-paired volunteers who were recruited by an allergologist in a preventive care consultation in Roma, on the basis of absence of personal and family history of allergy, including drug allergies (including immediate and nonimmediate reactions), dermatological or respiratory diseases related to allergy and inflammatory diseases. In addition, subjects with a C-reactive protein blood concentration higher than 5 mg/l were excluded. All the patients and controls were of Caucasian origin.
Genotyping of TNFA -308 polymorphism We improved a sensitive method for allowing the determination of the TNFA variant with nanogram amounts of DNA isolated from serum. Genomic DNA was isolated from 200 ml of serum sample using the QuiAmp blood mini kit (Quiagen, Courtaboeuf, France). The genotype of TNFA -308G4A polymorphism was determined by real time PCR (LightCycler, Roche Molecular Biochemicals, Lyon, France). The anchor (Flu) and detection probes (LC) were labeled at the 3 0 ends with fluorescein and at the 5 0 ends with LC-Red-640, respectively. They covered the mutation sites and were modified at the 3 0 ends by phosphorylation to avoid extension (Tib MolBiol Syntherselabor GmbH, Berlin, Germany). The pair of probes hybridized template DNA with a 1-bp gap between them. PCR was carried out in a 10-ml mixture in the Light-Cycler glass capillaries. The reaction mixture consisted of 2 ml of Light-Cycler DNA Master Hybridization Probes (Fast-start Taq DNA polymerase, reaction buffer, dNTP mixture and 10 mM MgCl 2 ; Roche Molecular Biochemicals) and 0.8 ml of 25 mM MgCl 2 . PCR primers were added to the mixture at a concentration of 0.5 mM, fluorescein-labeled probes at 0.2 mM and LC-labeled probes at 0.4 mM, respectively. Two microliters of DNA solution (20 ng/ml) and PCR grade water were then added to the mixture to make a final volume of 10 ml. The PCR primers, Fu and FC primers were respectively: 5
0 and 5 0 AACCCCGTCCCCATGCCCC 3 0 , CAAAACCTATTGCCTCCATTTCTTTTGGGGAC 3 0 . The thermal cycling step was as follows: initial denaturation at 951C for 30 s, followed by 40 cycles of denaturation at 951C for 5 s, annealing at 661C for 10 s and extension at 721C for 10 s. The ramp rate was set at 201C/s. After amplification was completed, melting curves were obtained by holding at 951C for 5 s and then at 521C for 10 s, followed by heating slowly at 0.21C/s to 951C with continuous collection of fluorescence at 640 nm. The melting curves were converted to melting peaks by plotting the negative derivative of the fluorescence with respect to temperature (dF/dT) against temperature.
Detection of serum-specific IgE Blood samples were collected when patients were examined and sera were stored immediately at À201C until assayed. Assays for serum-specific IgE to penicilloyl G, penicilloyl V, ampicilloyl, and amoxicilloyl (CAP-FEIA) were performed according to the manufacturer's instructions with UniCAP (Pharmacia, Milan, Italy) in all patients. A positive result (that is, detectable specific IgE antibodies) was defined as a value X0.35 kU/l. Cephalosporin-specific serum IgE were detected by a RIA. We systematically performed RIAs (sepharose-RIA) with a solid-phase drug obtained by coupling cephalosporins to sepharose epoxy-activated 6B (Amersham Pharmacia Biotech Europe, Orsay, France) through a spacer arm, as described previously. 37, 38 The level of serum-specific IgE was determined by measuring the binding of the patient's IgE to the compound, which was covalently bound to epoxy-activated beads, and the results were expressed by means of the binding of the radio-active anti-human IgE antibody. 37, 38 We calculated the percentage of the anti-IgE antibody bound to the solid-phase drug. We also performed the IgE-RIA with all the cephalosporinsepharose in 40 sera of healthy, nonatopic individuals. The values were reported as the ratio of the percentage bound in the patients to the average percentage bound in the control subjects, measured in the same assay series, as described previously 37, 38 sera with a ratio higher than two were considered positive. Each series of assays was validated by including positive and negative control samples.
Statistical analysis
The statistical analysis was designed to test the hypothesis of an association between TNFA À308 polymorphism and the primary risk of immediate allergic reactions to betalactams and the serum levels of specific and total IgE. The frequencies of alleles, genotypes and categorical parameters were expressed as percentages and 95% exact confidence intervals (95% CI). A w 2 -test was used to assess percentage differences. Continuous variables were reported as means7s.d., median, quartiles and range, and compared by the Mann-Whitney U-test. Because the distributions of values for total IgE and specific IgE were skewed, these variables were logarithmically transformed before performing the multivariate analyses. The significance and odds ratios of categorical variables were determined by stepwise multivariate logistic regression analysis, using a residual model that included the variables that were associated with the dependent determinant with Po0.15. A final P-value lower than 0.05 was considered to indicate residual statistical significance. The minimal size of our sample was estimated at 100 patients, with a study power 1-b ¼ 0.8 and a ¼ 0.05, assuming a 1.5-fold difference in the less frequent alleles between controls and patients. Data were collected and analyzed using the SPSS 10.0 software for Windows (SPSS, Paris, France).
